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Abstract 
In this article, a numerical model combining conduction and radiation is developed based on two flux approximation to predict 
the heat transfer behavior of fibrous insulation used in thermal protection systems. Monte Carlo method is utilized to determine 
the modified radiative properties with experimentally measured transient external temperature as high as 1 000 K. It is found that 
the estimated radiative properties become time-independent after about t = 3 000 s. By comparing the predicted to the measured 
results in transient state, the contact resistance exerts significant influences upon the temperature distribution in the specimen. 
Results show that the averaged absolute deviation is 3.25% when contact resistance is neglected in heat transfer model, while 
1.82% with no contact resistance. 
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1. Introduction1 
Light-weight fibrous insulation has become an ideal 
material for use in the metallic thermal protection sys-
tem on Reusable Launch Vehicles. It sustains severe 
aerodynamic heating during reentry into the atmos-
phere. Heat transfer inside fibrous insulation is com-
posed of conduction, natural convection and radiation. 
Previous studies on heat transfer through fibrous media 
have displayed that radiation accounts for 40%-50% of 
the total heat transfer inside light-weight fibrous insula-
tion at moderate temperatures[1]. The radiation process 
in fibrous insulation under aerodynamic heating be-
comes more complicated with temperature increasing, 
which makes the analysis and design of insulation quite 
difficult. Up to now there are some methods to measure 
effective thermal conductivity of fibrous insulation. 
However, the results of temperature distribution inside 
insulation during reentry into atmosphere calculated 
with effective thermal conductivity measured by the 
guarded hot plate method are found to be different from 
the experimentally measured temperature distribu-
tion—the predicted in-depth temperatures exceed the 
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measured data by 100 K and even more[2]. In this con-
nection, limited accuracy could be resulted by means of 
the steady-state methods in transient environment, 
where surface temperature changes rapidly. The dis-
crepancy might mostly be blamed for radiation at high 
temperatures[3]. Therefore, closer attention should be 
paid to the radiation in transient conditions to avoid 
significant errors.  
It has been accepted that numerical and analytical 
techniques can be used to calculate the combined radia-
tion and conduction heat transfer in rarefied dispersed 
media on the basis of the radiation transfer equation in 
common with the energy conservation equation. But 
results are still uncertain because of the lack of well- 
known spectral radiative properties. In view of this, 
extensive researches on the heat transfer in porous me-
dia have been performed experimentally and analyti-
cally[4-5]. T. W. Tong, et al.[6-7] used a two flux model 
that assumed linearized anisotropic scattering to model 
radiation heat transfer inside fibrous insulation and 
compared the predicted fluxes which associated radia-
tion with conduction to the measured data up to 450 K 
and at one atmosphere pressure. K. Daryabeigi[8] mod-
eled heat transfer in alumina fibrous insulation. A ge-
netic algorithm-based parameter estimation technique 
was utilized to determine the relevant radiative proper-
ties of the fibrous insulation. W. Y. Walter, et al.[9] used 
a first-principle approach to analyze combined conduc-
tion/radiation heat transfer in a highly porous silica 
insulation material (LI900) used by the Space Shuttle. 
Open access under CC BY-NC-ND license.
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Macroscopic average radiative properties, such as ex-
tinction coefficient, scattering albedo and phase func-
tion, were acquired by solving the radiation transfer 
equation for fibrous insulation using the measured 
value of the refractive index (n, k). The calculated tran-
sient temperatures were compared with experimental 
data.  
This article establishes a model, which combines ra-
diation and conduction heat transfer inside a fibrous 
insulation based on the two flux approximation. The 
modified radiative properties are used to calculate the 
transient temperature responses. In order to assess con-
tact resistance effect, two cases are investigated. Then 
the calculated results are compared with the measured 
data under transient condition.  
2. Experimental Methodology 
By using graphite heating apparatus, the transient 
thermal test[10] could provide a time-dependent surface 
temperature during measuring the temperature distribu-
tion in fibrous insulation under transient heating condi-
tion. Fig.1 shows the schematic of the heat transfer 
model of the test setup. The slab-shaped setup, 300 mm 
 
square by 82.5 mm thick, was located between a sep-
tum plate and a water-cooled plate. The septum plate 
served as the hot side solid boundary. Mimicking the 
structure of launch vehicles, a 2.5 mm thick aluminum 
plate was installed in the middle of the test setup. A  
60 mm thick aluminosilicate fibrous insulation was 
placed above the aluminum plate, and a 20 mm thick 
insulation below it. The nominal density of the fibrous 
insulation was 128 kg/m3. Guarded insulation boards 
were placed around the test setup to minimize heat loss. 
The setup was provided with thermocouples disposed 
at five sites with different distances of x (x is the spatial 
coordinate through the insulation thickness) from heat-
ing surface. The front (x = 0 mm) and back (x = 82.5 mm) 
surface temperatures and internal temperatures inside 
fibrous insulation at depths of 20.0, 40.0, 60.0 mm 
were to be measured. The hot side temperature rose 
from 288 K to 1 000 K in 600 s and was held at that 
temperature for 650 s. The insulation sample was 
gradually cooled to 340 K in another period. The 
maximum uncertainty of the temperature measurement 
was estimated about 23 K. Temperature distribution on 
the surface of the sample was uniform with an error of 
±5%. 
 
Fig.1  Schematic of transient heat transfer model of test setup. 
3. Radiative Properties 
In order to investigate the radiation heat transfer in-
side fibrous insulation, it is necessary to elucidate the 
spectral and temperature dependences of the extinction 
coefficient and the scattering albedo. A Fourier trans-
form infrared spectrometer was used to measure the 
spectral transmittance of the fibrous insulation in the 
wavelength range of 2.5-25.0 m over the temperature 
range of 291-973 K[10]. The spectral extinction coeffi-
cients were calculated by using the measured transmit-
tance data abiding by Beer’s law. The Rosseland mean 
extinction coefficient KR were obtained according to 
the following Equation[11] by assuming a = 2.5 m, b = 
25.0 m. 
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where  is the wavelength, eb the blackbody emissive 
power, eb the spectral blackbody emissive power and 
 the spectral extinction coefficient. Fig.2 shows the 
variation of Rosseland mean extinction coefficient KR 
with temperature T [10]. Taking into account anisotropic 
scattering by insulation, a weighted spectral extinction 
coefficient 
	  is adopted to replace the real spectral 
extinction coefficient. 
	  is defined as[12] 
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a is the spectral absorption coefficient, 
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spectral scattering coefficient,
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anisotropy factor,  the phase function and  the co-
sine of the angle between the x-axis and the direction of 
radiative propagation. 
The weighted spectral albedo of scattering, which is 
defined as the ratio of the weighted scattering coeffi-
cient to the weighted extinction coefficient, is given by 
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From Eq.(2) and Eq.(3), the following can be ob-
tained  
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Fig.2  Variation of Rosseland mean extinction coefficient vs 
temperature[10]. 
By substituting Eq.(4) into Eq.(1) and according to 
the first mean value theorem for integral[13], the equiva- 
lent Rosseland mean extinction coefficient RK
	  and 
equivalent albedo of scattering * are  
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where g is the anisotropy factor at  =; 
	  and 
	  
are the weighted spectral albedo of scattering at  = 
and  =, respectively; f is defined as a modified fac-
tor of extinction coefficient, which represents the ratio 
of extinction coefficient with and without taking into 
account anisotropic scattering. 
For more details about the modification of radiative 
properties, refer to Ref.[14]. 
4. Analytical Model 
Generally, heat transfer inside fibrous insulation is 
composed of conduction, natural convection and radia-
tion. However, C. Stark, et al.[15] pointed out that there 
is no natural convection in fibrous insulations having a 
density of larger than 20 kg/m3 because the fibers en-
trap the gas into sufficiently small pores. This allows us 
to neglect the effects of natural convective heat transfer 
in the on-going analysis. Then the energy conservation 
law for 1D heat transfer inside the insulation through 
conduction and radiation can be written into[16]  
r
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in the fibrous insulation and  
a a a( )
T Tc k
t x x
   
  
            (8) 
in the aluminum plate. Here,  is the density, c the spe-
cific heat and kc the thermal conductivity of the fibrous 
insulation. Similarly, a, ca and ka are those of the alu-
minum plate. rq  is the radiant heat flux, t the time.  
Eqs.(7)-(8) are subjected to the following initial and 
upper boundary conditions: 
0( ,0)T x T                 (9) 
1(0, ) ( )T t T t               (10) 
In order to assess the contact resistance effect, the 
lower boundary conditions are considered to be the 
following two cases: 
Case 1   1 2 3 5( , ) ( )T L L L t T t          (11) 
Case  2      1 4( , ) ( )T L t T t           (12) 
where L1, L2 and L3 are the thicknesses of the upper 
layer fibrous insulation, the aluminum plate and the 
lower layer insulation, respectively.  
Energy conservation is adopted at the interface be-
tween the insulation and the aluminum plate. It can be 
stated that for Case 1 the effect of contact resistance at 
the interface between the insulation and the aluminum 
plate is neglected in the calculation of temperature field 
and estimation of radiative properties. 
The radiant heat flux is related to incident radiation, 
G, according to[17] 
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The incident radiation in the fibrous insulation is ob-
tained by solving the following second order differen-
tial equation: 
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where 
 is the Stefan-Boltzmann constant. The bound-
ary conditions for the second order differential equation 
governing the incident radiation are given by: 
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where 1 and T1 separately denote the emittance and 
temperature of the upper bounding surface, while 2 
and T2 denote those of the lower bounding surface. The 
emittance of the septum plate is 0.8, and that of both 
the aluminum plate and the water-cooled plate is 0.3 in 
the present study. 
Here, the local thermal conductivity due to gas con-
duction and solid conduction inside fibrous insulation 
is given by[18] 
2
c s g( ) (1 )k f f k f k
	            (16) 
where f is the solid fraction ratio, kg the gas thermal 
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conductivity and *sk the variation of the thermal conduc-
tivity of the fiber parent material with temperature. 
5. Parameter Estimation 
The unknown modified factor of extinction coeffi-
cient f and equivalent albedo of scattering * are esti-
mated by using parameter estimation techniques. The 
estimation strategy is based on the least-squares mini-
mization of the difference between measured and cal-
culated temperatures inside fibrous insulation: 
2
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where Tp,i is the ith calculated temperature data, Tm,i the 
ith measured temperature data. 
Eq.(17) is subjected to the following physical con-
straints: 
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It can be stated that the modified factor of extinction 
coefficient varies between 0 and 2 according to Eq.(5). 
Taking into account the uncertainty of temperature 
measurements and the contact resistance effects during 
the thermal tests, the upper searching bound of the modi-
fied factor of extinction coefficient is enlarged to 10. 
It is assumed that the modified factor of extinction 
coefficient and the equivalent albedo of scattering are 
independent of temperature. Monte Carlo method is 
used for finding the set of parameters. For Case 1, the 
internal temperature responses at depths of 20.0, 40.0,  
60.0 mm are used to estimate the radiative properties, 
and the total number of samples used in the parameter 
estimation routine, n, is 17 757 for the duration of 
10 000 s under investigation. For Case 2, the measured 
temperature responses at depths of 20.0 mm and 
40.0 mm are used and n is 11 838 for the same dura-
tion. 
6. Results and Discussion 
The experimentally measured specific heat[10] and 
Rosseland mean extinction coefficient of fibrous insu-
lation are substituted into numerical heat transfer model 
to calculate the transient thermal response in the test 
specimen. For the two cases under consideration, the 
same spatial grid and time steps for the estimation of 
thermal radiation parameters are used to avoid spurious 
discrepancy caused by the numerical solution machin-
ery. Fig.3 lists the estimated parameters for different 
periods of time. This demonstrates that all the esti-
mated values of the radiative property are independent 
of time after about t = 3 000 s. The equivalent albedo of 
scattering steadily stands at over 0.95, and the differ-
ence from the estimated results is very small for both 
cases. The modified factor of extinction coefficient is 
found to sustain relatively large variation before the 
heater is turned off. The estimated values in both cases 
can be larger than 3.5 during heating period. This might 
be ascribed to the existence of multidimensional heat 
transfer and thermal contact resistance that generally 
decreases the rate of internal temperature rise in meas-
urements, which apparently would diminish the “dy-
namic” effective thermal conductivity of fibrous insu-
lation in experiments designed to set up 1D transient 
temperature response. Based on Rosseland diffusion 
approximation, the radiative conductivity of fibrous 
insulation can be obtained from 3r R16 (3 )k T K
 . 
The radiative conductivity declines with the rise of 
Rosseland mean extinction coefficient, so the effective 
thermal conductivity combining radiation and conduc-
tion heat transfer will decrease on condition that the 
thermal conductivity caused only by conduction be 
constant. There is no enough information about the 
properties for short heating time and at faster heating 
rate. Therefore, the estimated values of the modified 
factor of extinction coefficient by the developed in-
verse method are so large at the time before stopping 
heating as to exceed the reasonable reference range 
with specific physical meaning in whatever case. As 
can be expected, this effect gradually reduces with the 
increase of test time, and the estimated thermal radia-
tive properties become nearly independent of time after 
t = 3 000 s. The steady value stands at about 0.2 for 
Case 1 while 1.2 in Case 2. As for the difference of the 
steady values, when the contact resistance is neglected 
in the heat transfer model of the test assembly, the ap-
parent effective thermal conductivity has to be in-
creased to compensate the existence of contact resis-
tance. As a result, the estimated value of the modified 
factor of extinction coefficient for Case 1 is smaller 
than the value for Case 2. 
 
Fig.3  Estimated parameters during different periods of time. 
The estimated results of the modified factor of ex-
tinction coefficient and equivalent albedo of scattering 
at t = 10 000 s, 0.204 2 and 0.999 9 for Case 1 versus 
1.212 5 and 0.971 4 for Case 2, are used to calculate 
the transient temperature responses. Comparisons be-
tween calculated and measured transient thermal be-
havior of the test sample are shown in Fig.4. Fig.5 
shows the temperature differences between the calcu-
lated temperature responses and the measured ones at 
different depths of the sample. Clearly, the variation of 
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temperature differences depends on both depth and 
period of time. As for in Case 1, the largest difference 
is found to be up to +40.59 K at t = 922 s and x = 40.0 
mm. At t =1 247 s and x = 20.0 mm, the difference of 
58.67 K reaches the minimum. However, the tem-
perature difference in Case 2 varies between 21.99 K 
and +17.72 K with the minimum at t =1 309 s and 
x = 20.0 mm and the maximum at t =1 028 s and 
x = 40.0 mm. It is worth noting that the largest absolute 
difference appears near the heated surface where the 
temperature gradient is the largest. The contact resis-
tance plays an important role in affecting the tempera-
ture distribution in the sample. Fig.6 shows the devia-
tion of the calculated temperature from the measured 
 
Fig.4  Comparison between calculated and measured 
temperatures at different depths. 
 
Fig.5  Differences between calculated and measured tem- 
peratures. 
 
Fig.6  Deviation of calculated temperatures from measured 
temperatures. 
temperature against time as well as thermocouple loca-
tion. As seen from it, the deviation is within ±12.30% 
for Case 1 and ±5.08% for Case 2. The averaged abso-
lute deviations between the calculated and measured 
temperatures for the two cases are 3.25% and 1.82%, 
respectively. 
7. Conclusions 
This article has investigated the thermal radiative 
properties and the heat transfer behavior of fibrous in-
sulation widely used in modern metallic thermal pro-
tection systems. Based on two flux approximation, a 
numerical model combining radiation and conduction 
heat transfer has been developed to predict the transient 
thermal responses inside the fibrous insulation exposed 
to an external heating source. The modified radiative 
properties are determined by parameter estimation 
analysis using measured transient temperature data ta- 
ken from the fibrous sample, of which one surface is 
heated by a graphite radiant heater. It is found that the 
estimated radiative properties become time-indepen- 
dent after about t = 3 000 s. Comparison has been car-
ried out between calculated and measured temperatures 
at different depths and shows that the averaged absolute 
deviation with neglecting contact resistance in heat 
transfer model is 3.25% while 1.82% in the case with 
absence of contact resistance. Better agreement is 
achieved for the second case.  
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